Characterization of a silent sesquiterpenoid biosynthetic pathway in Streptomyces avermitilis controlling epi-isozizaene and albaflavenone biosynthesis and isolation of a new oxidized epi-isozizaene metabolite. 
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5′-GCTGCCATGGGCTTGTTCGTGCCTGCTTTCCCACAC-3′ (underlined characters indicate
NcoI site) and reverse: 5′-CCGATTCGACTCGAGTTTCTCACCTGCCGCTTCGTTGTT-3′ (underlined characters indicate XhoI site). The PCR program employed was as follows: initial denaturation step (95 °C, 2 min); followed by 10 cycles of amplification (95 °C, 30 s; 58 °C, 30 s,; and 72 °C, 1.1 min) and 20 cycles (95 °C, 30 s; 64 °C, 30 s; and 72 °C, 1.1 min) and then a final incubation at 72 °C (10 min). The resulting amplicon and thepET28a vector were each then double-digested with NcoI and XhoI. The digested PCR product was ligated with the large NcoI/XhoI fragment of pET28a(+) by T4 DNA ligase. The ligation mixture was used to transform competent cells of E. coli XL1-Blue. The resultant plasmid, pET28a::sav3032 that was isolated from cultures grown on LA medium containing 50 µg/mL of kanamycin, was used to transform E.
coli BL21(DE3).
For expression of SAV_3032 protein, the culture was grown in 1 liter of LB medium supplemented with kanamycin (50 µg/ml) at 37 °C to an OD600 of 0.8. The culture was then induced with 1 mM IPTG, and incubated at 18°C overnight. The cells were harvested by centrifugation at 7,500g for 10 min and cell pellets were resuspended in 20 ml of lysis buffer [50 mM 50 mM NaCl, 20% glycerol (v/v) , 5 mM β-mercaptoethanol, pH 8.0]. The cell pellets were disrupted with a French-Press at 10,000 psi. The insoluble inclusion bodies were resolubilized, refolded, and purified by using a modification of the previously reported procedure (Cane et al., 2006) . The inclusion bodies were collected by centrifugation at 15,000g for 10 min and suspended in 20 ml of lysis buffer. The suspension was then added dropwise with stirring at 0 °C to 300 ml of 18 mM NaOH containing 5 mM β-mercaptoethanol and 0.02 % Triton X-100. Stirring was maintained until all of the cloudiness disappeared, and the mixture had a thick, viscous consistency (a small volume of 100 mM NaOH was added to aid the protein to dissolve if required). 3 Insoluble debris was removed by centrifugation (15,000g) and the 300 ml of supernatant was added at 8 ml/min with slow stirring at 0 °C to 3 l of refolding buffer [50 mM Tris-HCl, 50 mM NaCl, 5 mM β-mercaptoethanol, 20% glycerol (v/v), pH 8.0]. After the addition was complete, stirring was stopped and the protein was allowed to equilibrate for at least 2.5 hr. Q-Sepharose resin (fast-flow, 50 ml, pre-equilibrated with refolding buffer) was added to the protein-refolding solution and the mixture was stirred for 2.5 h to adsorb the protein onto the resin, which was then collected in a column with a sintered glass frit. The column was washed with 150 ml of refolding buffer, and then eluted with a linear gradient of 50 mM to 1 M NaCl in 600 ml of refolding buffer. Fractions were analyzed by SDS-PAGE and concentrated by ultrafiltration (10 kDa NMWL).
Incubation of SAV_3032 protein with farnesyl diphosphate
To confirm that the SAV_3032 protein is an epi-zizaene synthase, and 50 µM farnesyl diphosphate (2) was incubated in a total volume of 3 ml containing 40 µM of purified C-terminal His 6 -tagged SAV_3032 protein, 50 mM PIPES (pH 7.0), 5 mM MgCl 2 , 100 mM NaCl, 5 mM β-mercaptoethanol, and 20% glycerol (v/v) at 30 °C overnight. After extraction three times with HPLC-grade n-pentane, the organic layers were dried over Na 2 SO 4 The pH optimum for the SAV_3032-catalyzed reaction was determined over a pH range from 6.0 to 9.0 at 0.5 pH intervals using the following buffers: 50 mM MES, pH 6.0; 100 mM PIPES, pH 6.5 and pH 7.0; 100 mM Tris, pH 7.5, 8.0, 8.5, 9.0. For each incubation, 1 ml of the appropriate buffer was mixed with 100 mM NaCl, 10 mM MgCl 2 , 20% glycerol (v/v), 5 mM β-mercaptoethanol, For kinetic measurements, a range of assays were performed with 81 nM enzyme in 1 ml assay Construction of an expression cassette for the S. avermitilis epi-isozizaene synthase gene
The sav3032 gene was amplified by PCR with template DNA from cosmid CL_219_D03 using the primer pair, forward: 5´-GCCTCGAGCATATGCCTGCTTTCCCACACAGCACTTC-3´
(underlined characters indicate NdeI site and bold characters correspond to start codon of sav3032) and reverse: 5´-CTCGAGAAGCTTCGGTGCTTCGGGTTTCACCGATTCG-3´ (underlined characters indicate HindIII site). The operon consisting of sav3032 and sav3031 (3, 790, 788 ,761 nt in S. avermitilis) was amplified by PCR with template DNA from CL_219_D03 using the primer pair consisting of the above forward primer and the reverse primer: with NdeI and SpeI and ligated with the large NdeI/XbaI fragment of pKU460::xylAp-sav3129-sav5765. After E. coli DH5α was transformed by electroporation using the ligation product, transformants were isolated on LA containing 50 µg/ml of kanamycin and the desired clone was confirmed by restriction digestion to generate pKU460::xylAp-sav3031-sav3129-sav5765. A HindIII site was located near the stop codon of sav3031 and another HindIII site was downstream of the cloning site of the pKU460 vector. The recombinant plasmid pKU460::xylAp-sav3031-sav3129-sav5765 was digested with HindIII and the 2,073-bp fragment containing a part of sav3031, sav3129 and sav5765, was purified by agarose gel electrophoresis. Another recombinant plasmid pKU460::rpsJp-sav3032-sav3031 was also digested with HindIII, the large fragment with size of 7,635 bp, in which sav3031 was truncated near the stop codon, was purified and was treated with alkaline phosphatase to remove 5′-phosphate. The dephosphorylated 7,635-bp HindIII fragment was ligated with the above 2,073-bp HindIII fragment and E. coli DH5α was transformed with the ligation product by electroporation. After transformants were isolated from LA medium containing kanamycin (50 µg/ml), the desired clones with the correct direction of sav3031-sav3129-sav5765 were confirmed by restriction digestion to obtain pKU460::rpsJp-sav3032-sav3031-sav3129-sav5765.
Unmethylated recombinant plasmid DNA preparations were introduced into the large-deletion mutant of S. avermitilis, SUKA16, by PEG-mediated protoplast transformation (ikeda et al., 1993) .
Transformants were selected by neomycin resistance phenotype. Spores of each transformant were prepared from growth on YMS medium (Ikeda et al., 1987) and each spore suspension in 20% glycerol (v/v) was stored at -30 °C.
Detection of sesquiterpenoid compounds from Streptomyces strains. (Cane et al., 2006) at 30 °C for 2 days. A portion (0.1 ml) of each culture was separately inoculated into 15-ml of R4 medium and 2-fold concentrated GYM medium (Shima et al., 1996) , respectively, and both were cultured with shaking at 200 rpm for 5 days at 28 °C. Each culture was separated by centrifugation at 3,000 rpm for 10 min. The mycelia were extracted with 4 ml of methanol for 30 min at room temperature. After removal of mycelia by centrifugation, the supernatant was extracted with 1 ml of n-hexane, phases were separated by centrifugation and the n-hexane layer was obtained as the mycelial extract. The culture supernatant was directly extracted with 1 ml of n-hexane. The upper n-hexane layer was used as the broth extract. Both the mycelial and broth extracts were directly subjected to GC-MS analysis using authentic reference samples of geosmin, germacradienol, germacrene D, epi-isozizaene, albaflavenols and albaflavenone that were prepared by enzymatic reaction or purification from the culture.
The structure elucidation of 4β,5β-epoxy-2-epi-zizaan-6β-ol (5)
High-resolution mass spectrum (FAB) of 5 was obtained on a JEOL JMS-700. NMR spectra were obtained on a JEOL JNM-ECP500. NMR spectrometer operating at a 500 MHz 1 H frequency or 125 MHz 13 C frequency, respectively. Chemical shifts are referenced to CDCl 3 at room temperature.
Physico-chemical properties of 4β,5β-epoxy-2-epi-zizaan-6β-ol (5) 
